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The last decade has seen a significant increase of cell therapy protocols using effector T cells (Teffs) in particular, but also, more recently,
non-engineered and expanded polyclonal regulatory T cells (Tregs) to control pathological immune responses such as cancer, autoim-
mune diseases, or transplantation rejection. However, limitations, such as stability, migration, and specificity of the cell products, have
been seen. Thus, genetic engineering of these cell subsets is expected to provide the next generation of T cell therapy products. Lentiviral
vectors are commonly used to modify Teffs; however, Tregs are more sensitive to mechanical stress and require specific culture condi-
tions. Also, there is a lack of reproducible and efficient protocols to expand and genetically modify Tregs without affecting their growth
and function. Due to smaller number of cells and poorer viability upon culture in vitro, mouse Tregs are more difficult to transduce and
amplify in vitro than human Tregs. Here we propose a step-by-step protocol to produce both human and mouse genetically modified
CD8+ and CD4+ Tregs in sufficient amounts to assess their therapeutic efficacy in humanized immunocompromised mouse models and
murine models of disease and to establish pre-clinical proofs of concept. We report, for the first time, an efficient and reproducible
method to isolate Tregs from human blood or mouse spleen, transduce with a lentiviral vector, and culture, in parallel, CD8+ and
CD4+ Tregs while preserving their function. Beyond chimeric antigen receptor (CAR)-Treg cell therapy, this protocol will promote
the development of potential new engineered T cell therapies to treat autoimmune diseases and transplantation rejection.
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INTRODUCTION
Regulatory T cells (Tregs) are used as cell therapy to treat autoimmune
diseases and control allogeneic immune responses in transplantation
rejection. Deep knowledge of Treg biology acquired over decades has
highlighted potential targets and strategies to redirect cell therapy spec-
ificity and function using genetic engineering.1 Lentiviral vectors, rather
than retroviral vectors, are interesting tools that enable stable integra-
tion and further expression of a transgene in T cells.2 Genetic modifica-
tions are currently used to restore, stabilize, improve, or convert T cell
functions. For example, FOXP3 ectopic expression in CD4+ effector
T cells (Teffs) was used in human and mouse cells to obtain Tregs.2–4

T cell receptor (TCR) gene transfer using lentiviral vectors showed
promising results for islet-specific CD4+ Tregs to control type 1 dia-
betes5 and for tumor-antigen-specific CD8+ Teffs to control melanoma
development.6 Development of the chimeric antigen receptor (CAR)
technology made T cell engineering more attractive to treat cancer,7

autoimmune diseases, and transplant rejection in patients.8 CAR
CD4+ Tregs were recently generated to control experimental autoim-
mune encephalitis (EAE), as a model of multiple sclerosis, and human
leukocyte antigen (HLA)-mismatched graft rejection.9–12 We high-
lighted the potential of polyclonal CD8+ Treg cell therapy in models
of xenogeneic graft-versus-host disease (GVHD)andhumanskin trans-
plantation rejection in immunehumanized immunodeficientmice.13–15

We recently described that conferring a specificity to CD8+ Tregs to-
ward graft donor HLA by lentiviral delivery of a CAR greatly improved
control of solid organ transplant rejection andGVHDoccurrence in im-
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mune humanizedmousemodels.16 Besides, CD8+ Tregs were shown to
control memory responses more efficiently than CD4+ Tregs, while
CD4+ Tregs were more efficient than CD8+ Tregs at controlling the
naive immune response,17 and synergy between CD4+ and CD8+ Tregs
is likely.18 Thus, there is a huge potential to optimize and enhance both
CD4+ and CD8+ Treg functionality for novel cell therapies.

While studies reported 60% to 85% success in genetic engineering of
human T cells and 20% to 40% for human CD4+ Tregs using vesicular
stomatitis virus G (VSVg)-pseudotyped lentiviral vectors,5,11,19 we
faced the lack of clear protocol to manufacture genetically modified
human and mouse Tregs and, particularly, CD8+ Tregs in sufficient
quantity to assess their safety and therapeutic efficacy. The use of ro-
dent models and, in particular, immune humanized immunodeficient
Clinical Development Vol. 20 March 2021 ª 2020 The Author(s). 69
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rat and mouse models are key to establish pre-clinical proof of
concept of engineered Treg therapy candidates before clinical inves-
tigation in humans can be envisioned.20

Here we describe an efficient and reproducible protocol to generate
large amount of genetically engineered human and mouse CD4+

and CD8+ Tregs using VSVg- or murine leukemia virus (MLV)-pseu-
dotyped lentiviral vectors, respectively, in less than 2 weeks. The
lentiviral vectors encoding for CARs were produced following proto-
cols that have been already largely described.21 The protocol that is
described here is composed of two parts: the generation of genetically
modified CD8+ and CD4+ Tregs from 1) human blood and 2) mouse
spleen, from their isolation to their transduction and expansion. This
protocol can also be used for human or mouse Treg isolation and cul-
ture without intention of genetic modification.

This protocol is highly relevant to investigate cell therapy candidates
in various disease areas, such as genetic and autoimmune diseases,
transplantation, and cancer, as well as for fundamental research to
decipher the role of new molecules in T cell biology and function.
Biosafety level S2 (BSL-2) and cell sorter equipments and flow cytom-
etry competences are required to apply this protocol and can repre-
sent potential limitations.

MATERIALS
Reagents

� Human blood (Etablissement Français du Sang, Nantes, France)
� Mouse (C57BL/6J, Janvier Labs, 8- to 16 weeks old)
� HLA-A*02-specific CAR (A2-CAR) lentiviral vector made with
pMD2.G VSVg-envelope plasmid (Addgene #12259), Rous sar-
coma virus promoter (pRSV)-Rev (Addgene #12253), and
pMDLg/pRRE (Addgene #12251) packaging plasmids containing
central polypurine tract (cPPT), WPRE, and inactivated 30LTR
(long terminal repeat) and an entry plasmid vector containing
the gene of interest (A2-CAR) and the truncated gene encoding
for the low-affinity nerve growth factor receptor (DNGFR [nerve
growth factor receptor]) as a reporter marker

� Myelin oligodendrocyte glycoprotein (MOG)-CAR lentiviral vec-
tor made with human cytomegalovirus promoter (pHCMV)-
EcoEnv MLV-envelope plasmid (Addgene #15802), pRSV-Rev
(Addgene #12253) and pMDLg/pRRE (Addgene #12251) pack-
aging plasmids containing cPPT, Woodchuck hepatitis virus
(WHP) posttranscriptional regulatory element (WPRE), and inac-
tivated 30LTR and an entry plasmid vector containing the gene of
interest and a DNGFR as a reporter marker

� Phosphate buffered saline (PBS) 1� (Gibco #14190-144)
� RPMI 1640 medium (Gibco #31870-025)
� Heat-inactivated fetal bovine serum (FBS) (Thermo Fischer Scien-
tific #10270-106)

� Human AB serum (Sigma #H4522, 100 mL)
� Penicillin (10,000 U/mL)/streptomycin (10 mg/mL) 100� (Gibco
#15140-122)

� Sodium pyruvate 100 mM 100� (Thermo Fisher Scientific
#11360-039)
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� L-glutamine (Sigma-Aldrich #G1251, 100 g)
� HEPES buffer (Gibco #15630-056, 1 M)
� Minimum essential media (MEM) non-essential amino acids 100�
(Thermo Fisher Scientific #11140-035)

� b-mercaptoethanol (Sigma #M3148)
� Rapamycin (Rapamune) (Pfizer)
� Ethylenediaminetetraacetic acid (EDTA) (Sigma #200-449-4)
� Sterile H2O
� Ficoll (Eurobio #CMSMSL01-01)
� Anti-mouse CD3 / anti-mouse CD28 monoclonal antibody
(mAb)-coated beads (Gibco #11452D)

� DAPI (Invitrogen #D3571)
� Anti-mouse immunoglobulin G (IgG) Dynabeads (Invitrogen
#11033)

� OneComp eBeads (eBioscience #01-1111-42)
� Human interleukin-2 (IL-2) (Proleukin, Novartis)
� Mouse IL-2 (PeproTech #212-12)
� Human IL-15 (Miltenyi Biotec #130-095-700)
� Mouse IL-15 (PeproTech #210-15)
� Human IL-7 (Miltenyi Biotec # 130-095-367)
� Protranduzin A (PTDA) (JPT #TE-PTDB-3)
� Bleach solution
� 96-well flat bottom plates (BD Falcon #353072)
� 15mL and 50mL conical centrifuge tubes (BD Falcon #227261 and
#188271)

� 1.5 mL Eppendorf microtubes (VWR #211-0015)
� 5 mL, 10 mL, and 25 mL sterile serological pipettes (Thermo Fisher
Scientific or equivalent)

� Sterile low retention universal tips with filter (Grosseron or equiv-
alent)

� Woven mesh filters Nitex (VWR #SEFA03-60/35)
� Syringe
� 100 mm cell strainer (BD Falcon #352360)
� 500 mL Corning filter unit 0.22 mm nitrocellulose membranes
(Dutscher #430758)

� Monoclonal antibodies (mAbs) (Table 1)

Equipment

� Centrifuge
� Laminar flow hood
� Incubator for cell culture
� Flow cytometer
� Fluorescence-activated cell sorting (FACS) Aria cell sorter (BD
Biosciences or equivalent)

� Inverted fluorescence microscope (if green fluorescence protein
[GFP] reporter marker is used)

� Micropipettes (Gilson type or equivalent)
� Magnet (DynaMag 50, ThermoFisher Scientific #12302D or equiv-
alent)

� Vortexer

Reagent setup

Staining buffer

1 L PBS 1� + 20 mL FBS (2%) + 5 mL EDTA 1 M (5 mM).
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Table 1. mAbs used for T cell sorting

Monoclonal antibody Provider Clone Fluorochrome

Anti-human CD19
mAb

BD Biosciences HIB19 purified

Anti-human CD14
mAb

BD Biosciences M5E2 purified

Anti-human CD16
mAb

BD Biosciences 3G8 purified

Anti-human CD3
mAb

BD Biosciences SK7 PeCy7

Anti-human CD3
mAb

European Collection of Cell
Culture

OKT3 purified

Anti-human CD8
mAb

BD Biosciences RPA-T8 APC

Anti-human CD25
mAb

BD Biosciences M-A251 APC-Cy7

Anti-human CD127
mAb

BD Biosciences
hIL-7R-
M21

PE

Anti-human CD4
mAb

BD Biosciences RPA-T4 PerCPCy5,5

Anti-human CD45RC
mAb

IqProduct MT2 FITC

Anti-human CD28
mAb

European Collection of Cell
Culture

CD28.2 purified

Anti-human CD56
mAb

BD Biosciences MY31 purified

Anti-LNGFR mAb Miltenyi Biotec REA844 PeCy7

Anti-mouse CD4
mAb

BD Biosciences RM4-5 PeCy7

Anti-mouse CD8
mAb

BD Biosciences 53-6.7 APC

Anti-mouse CD45RC
mAb

BD Biosciences DNL-1.9 PE

Anti-mouse CD25
mAb

BD Biosciences PC61 PerCPCy5,5

Anti-mouse CD11c
mAb

BD Biosciences N418 BV421

Anti-mouse NK1.1
mAb

BD Biosciences PK136 V450

Anti-mouse CD19
mAb

BD Biosciences 1D3 purified

Anti-mouse CD49b
mAb

BD Biosciences DX5 purified

Anti-mouse CD11b
mAb

BD Biosciences M1/70 purified
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Human T cell culture medium

500 mL RPMI 1640 medium + 5 mL penicillin/streptomycin 100� +
5 mL sodium pyruvate (1 mM) + 5 mL L-glutamine (1 mM) + 5 mL
HEPES buffer (10 mM) + 5 mL MEM non-essential amino acids
100�, supplementedwith 5% (before transduction) or 10% (after trans-
duction) human AB serum, IL-2 (100 U/mL for Teffs and 1,000 U/mL
forTregs), IL-15 (5ng/mL forTeffs and 10ng/mL forCD8+Tregs), IL-7
(5 ng/mL for Teffs), and rapamycin (50 nM for Tregs only).
Molecul
Mouse T cell culture medium

500 mL RPMI 1640 medium + 5 mL penicillin/streptomycin 100� +
5 mL sodium pyruvate (1 mM) + 5 mL L-glutamine (1 mM) + 5 mL
HEPES buffer (10 mM) + 5 mL MEM non-essential amino acids
100� + 50 mM b-mercaptoethanol, supplemented with 10% FBS,
IL-2 (1,000 U/mL), IL-15 (20 U/mL for CD8+ T cells only), and rapa-
mycin (50 nM for Tregs only).

Hypotonic solution for red blood cell lysis

8.29 g NH4Cl + 1 g KHCO3 + 37.2 mg Na2 EDTA + 900 mL distilled
H2O. Adjust the pH to 7.0 with 10 N NaOH. Complete to 1 L with
sterile distilled H2O. Filter through 0.22 mmnitrocellulose membrane.
PROCEDURE
NOTE: All of these protocols must be performed in a sterile manner.
Experiments with human cells and lentiviral vectors need to be per-
formed in a BSL-2 lab.

NOTE: All the liquid and solid materials in contact with the viral par-
ticles must be disinfected in a 10% bleach bath for at least 12 h. The
single-use material is then thrown into a Déchets d’Activités de Soin à
Risques Infectieux (DASRI) bin for incineration.
Genetic modification in primary human T cells using lentiviral

vectors

Sorting of human Tregs from blood

NOTE: Using this protocol, approximately 50,000 CD8+ Tregs/mL
and 12,500 CD4+ Tregs/mL blood are isolated. 50 mL blood is suffi-
cient to generate 107 and 2.5 � 106 genetically modified CD8+ and
CD4+ Tregs, respectively.

1. Harvest human peripheral blood mononuclear cells (PBMCs) by
Ficoll gradient centrifugation. Dilute blood at 0.5� with PBS
1�. Gently add 30 mL diluted blood on the top of a 15 mL Ficoll
solution. Centrifuge for 20 min at 770 g, 20�C, with moderate ac-
celeration (7/9) and no braking (0).

2. Delicately harvest the ring of PBMCs floating on the Ficoll phase
and wash the cells with 50 mL PBS 1� and a 10 min 600 g centri-
fugation. Discard the supernatant.

3. To eliminate red blood cells and platelets, resuspend and pool the
PBMC pellets in 10 mL hypotonic solution, incubate 5 min at
room temperature (RT), then wash with 50 mL PBS 1� and a
10 min 185 g centrifugation. Discard the supernatant.

NOTE: Transduction of T cells isolated from thawed PBMCs is also
possible.

4. Count the cells to adjust cell concentration to 2 � 108 cells/mL in
staining buffer.

NOTE: 2 � 106 PBMCs/mL blood should be isolated.

NOTE: To isolate Tregs from PBMCs, enrichment before sorting by
negative selection is recommended from steps 5–9.
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5. Stain unwanted with purified antibodies specific for B cells (anti-
CD19 mAb, HIB19 clone), natural killer (NK) cells (anti-CD56
mAb, MY31 clone), and monocytes (anti-CD14 and anti-CD16
mAbs, M5E2 and 3G8 clones, respectively) (Table 1) diluted at
10 mg/mL in staining buffer.

6. Add 50 mL staining buffer and centrifuge for 10 min at 430 g to
wash the cells. Discard the supernatant.

7. Collect 3.5 mL anti-mouse IgG-coated beads (i.e., 1.4 � 106 beads)
for 106 PBMCs. Wash anti-mouse IgG-coated beads three times
before use: add 100 vol of staining buffer onto the beads (350 mL
for 3.5 mL beads), place on the magnet for 1 min, and discard
the supernatant. Repeat twice. Resuspend beads in 10 vol of stain-
ing buffer.

NOTE: For 50 mL blood or 108 PBMCs, 350 mL anti-mouse IgG-
coated beads (i.e., 1.4 � 108 beads) are washed three times with
35 mL staining buffer and resuspended in 3.5 mL staining buffer.

8. Mix the PBMC pellet with the diluted anti-mouse IgG-coated
beads and incubate for 10 min at 4�C under gentle agitation.
Then place the tube on the magnet for 1 min and transfer the
supernatant in a new tube. Unwanted cells are retained on the
magnet. Place the new tube on the magnet and repeat the pro-
cedure twice to make sure all unwanted cells and beads are
removed.

9. Count the cells. Adjust cell concentration to 2 � 108 cells/mL in
staining buffer.

NOTE: 50% to 70% of cells are expected to be removed. When start-
ing with 50 mL blood, 3 to 5 � 107 cells should remain.

10. Stain the cells for FACS sorting depending on the subset required
(Table 1; Figure 1A).

a. To sort total CD4+ and/or CD8+ T cells, add anti-CD3 (SK7
clone), anti-CD4 (RPA-T4 clone), and anti-CD8 (RPA-T8 clone)
mAbs.

b. To sort CD4+ Tregs, add anti-CD3 (SK7 clone), anti-CD4 (RPA-
T4 clone), anti-CD25 (M-A251 clone), and anti-CD127 (hIL-7R-
M21 clone) mAbs.

c. To sort CD8+ Tregs, add anti-CD3 (SK7 clone), anti-CD8 (RPA-
T8 clone), and anti-CD45RC (MT2 clone) mAbs, as previously
described.15,22,23
Figure 1. Gating strategy for human Treg and Teff isolation and genetically mo

(A) Human CD4+ and CD8+ Tregs and Teffs were sorted from T cell-enriched PBMCs

Scatter - Area [FSC-A]), SSC and FSC singlets, DAPI� living cells, and CD3+ cells. CD

inverted gate as CD4+ Teffs. CD4� T cells were sorted on CD45RChigh or CD45RClow/�

shown. The frequency of each cell subsets in the previous cell selection is indicated. (B

FACS Aria sorting. Isotype staining is shown on the bottom. Representative staining of tw

the transmembrane CD28 and intracellular CD28 and CD3z signaling portions were plac

a CD8a stalk sequence under an EF1a promotor. The full CAR construct was cloned int

CMV promotor. (D) Left: human CD8+ Tregs (top) and CD4+ Tregs (bottom) were sorted

singlet cells, and DAPI� living cells on day 7. Middle: untransduced cells are shown as n

7 days after sorting onDNGFR). (E) Flow cytometry staining of FOXP3marker in HLA-A*0

line), and not transduced (black line) CD4+ Tregs after 14-day culture. Isotype control s

Molecul
NOTE: If CD56+ cells were not depleted before sorting, add anti-
CD56 (MY31 clone) mAb.

d. To sort both CD4+ and CD8+ Tregs, add anti-CD3 (SK7 clone),
anti-CD4 (RPA-T4 clone), anti-CD25 (M-A251 clone), anti-
CD127 (hIL-7R-M21 clone), and anti-CD45RC (MT2 clone)
mAbs (Figure 1A).

NOTE: If CD56+ cells were not depleted before sorting, add anti-
CD56 (MY31 clone) mAb.

Incubate the cells with mAbs for 15 to 30 min at 4�C.

NOTE: We recommend a full 30 min incubation when performing
CD25 staining for good flow cytometry detection. In the absence of
CD25 staining, 15 min incubation is sufficient.

NOTE: Anti-CD4 and anti-CD8 mAbs must be concomitantly added
to eliminate CD4+CD8+ T cells that represent 2% of blood T cells.

NOTE: Label beads (Compbeads) with each single mAb to set up a
compensation matrix for further processing in flow cytometry.

11. Add 50 mL staining buffer to the cell suspension, centrifuge
10 min at 430 g 4�C and discard the supernatant.

12. Resuspend the cell pellet at 6 � 107 cells/mL in staining buffer,
filter on a 60 mm tissue, and label dead cells by adding 0.1 mg/
mL DAPI.

13. Sort cells with a 70 mm nozzle cell sorter by gating on lymphocyte
morphology (low FSC-A and SSC-A; Figure 1A) and one of the
following:

a. DAPI�CD3+CD4�CD8+ cells to sort total CD8+ T cells
b. DAPI�CD3+CD4+CD8� cells to sort total CD4+ T cells
c. DAPI�CD3+CD4+CD25highCD127low/� cells to sort CD4+ Tregs
d. DAPI�CD3+CD8+ (or CD4�) CD45RClow/� (CD56�) cells to

sort CD8+ Tregs

NOTE: CD4+ and CD8+ Teffs and Tregs can be simultaneously sorted
using four-way sorting tubes in FACS Aria II (BD Biosciences).

NOTE: More than 95% of sorted CD4+ Tregs express FOXP3 after
sorting (Figure 1B).
dified T cell purification

by FACS Aria by gating on small morphology (Side Scatter - Area [SSC-A]/Forward

4+ T cells were sorted on CD127low/� CD25+ expression as CD4+ Tregs and on an

expression as CD8+ Teffs and CD8+ Tregs, respectively. Cell purity after sorting is

) Flow cytometry staining of FOXP3 in human CD4+ CD25+ CD127low/� T cells after

o experiments. (C) Schematic of the second generation of CAR used. Sequences for

ed C-terminal to the anti-HLA-A*02- or Her2-specific scFv, a c-Myc epitope tag, and

o a bi-directional lentiviral vector encoding DNGFR as a transduction marker under a

on reporter marker expression (here we used DNGFR) after gating on morphology,

egative control of staining. Right: expression of the reporter marker on day 14 (i.e.,

2-CAR (red line), Her2-CAR (blue line), negative fraction of cell sorted on day 7 (green

taining is shown in filled gray.
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14. Wash the collected cells twice with 50 mL staining buffer and 430
g centrifugation for 10 min at 4�C.

15. Count the cells. Adjust cell concentration to 1 � 106 cells/
mL in human T cell culture medium supplemented with
5% human AB serum and cytokines: 1,000 U/mL IL-2 for
CD4+ Tregs; 1,000 U/mL IL-2 and 10 ng/mL IL-15 for
CD8+ Tregs; 100 U/mL IL-2, 5 ng/mL IL-15, and 5 ng/mL
IL-7 for Teffs.

NOTE. A high concentration of human AB serum partially inhibits
cell transduction.

Lentiviral transduction of human T cells

1. Add 50 mL/well in a 96-well flat bottom plate of 1 mg/mL anti-CD3
(OKT3 clone) mAb diluted in PBS 1� and incubate for R1 h at
37�C.

NOTE: Low-dose (1 mg/mL) anti-CD3 mAbs is preferred for T cell
transduction rate and growth.

2. Remove freemAbs by adding 100 mL/well PBS 1�, centrifuging for
1 min at 430 g, and discarding supernatant. Repeat twice.

CAUTION: Do not allow the coated plastic to dry; discard the PBS 1�
of the final wash when cells are ready to be seeded.

3. Add 1 mg/mL anti-CD28 (CD28.2 clone) mAb in T cell suspension
and seed 105 cells (100 mL) per well in the anti-CD3 mAb plastic-
coated plate. Promote T cell activation by a 1 min 430 g spin. Incu-
bate the cells overnight (ON) at 37�C 5% CO2.

NOTE: Polyclonal stimulation of CD8+ Tregs after sorting andR12 h
before transduction is critical for transduction rate.

NOTE: Beads can be used instead of purified anti-CD3 and anti-
CD28 mAbs at a 1:1 bead:cell ratio.

4. On day +1, gently add lentiviral vector at a multiplicity of infec-
tion (MOI) (i.e., the number of transducing units [TU] of viral
particles/cell) 10 (i.e., 106 TU for 105 cells; i.e., 10 mL of a 108

TU/mL batch) on the top middle of each well, taking care not
to disturb T cell clusters. Ensure total lentiviral vector penetra-
tion by a 1 min 430 g spin. Incubate the cells for 24 h at 37�C
5% CO2.

NOTE: For a first transduction with a new lentiviral vector, we recom-
mend testing a range of lentiviral vector doses to assess maximal
transduction rate and lentiviral vector toxicity.

NOTE: Keep some cells free of virus as negative control of transduc-
tion for flow cytometry staining or functional assay.

5. On day +2, repeat step 4.

NOTE: GFP should be visible by microscopy within 48 h after first
transduction.
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NOTE: One additional step of lentiviral transduction can significantly
improve the transduction rate and yield of transduced CD4+ Tregs,
but not CD8+ Tregs.

6. One day after the last transduction (i.e., day +3 if two transductions
were performed on CD8+ Tregs and day +4 if three transductions
were performed onCD4+ Tregs), enrich culturemedium for higher
cell expansion by adding 100 mL/well of T cell culture medium sup-
plemented with 15% human AB serum and 2� cytokines: 2,000 U/
mL IL-2 for CD4+ Tregs; 2,000 U/mL IL-2 and 20 ng/mL IL-15 for
CD8+ Tregs; and 200 U/mL IL-2, 10 ng/mL IL-15, and 10 ng/mL
IL-7 for Teffs. Incubate the cells at 37�C 5% CO2.

7. We assume total consumption of cytokines in 48 h, thus supple-
ment T cell culture with fresh cytokines every 2 days by adding
20 mL/well culture medium supplemented with 10� cytokines:
10,000 U/mL IL-2 for CD4+ Tregs; 10,000 U/mL IL-2 and
100 ng/mL IL-15 for CD8+ Tregs; and 1,000 U/mL IL-2, 50 ng/
mL IL-15, and 50 ng/mL IL-7 for Teffs.

8. High cell proliferation can require addition of culture medium and
splitting of cells. If the culture medium turns orange-yellow, mix
gently the cell suspension, transfer 100 mL of T cell suspension
in a new well, and add 100 mL/well of culture medium supple-
mented with 2� cytokines: 2,000 U/mL IL-2 for CD4+ Tregs;
2,000 U/mL IL-2 and 20 ng/mL IL-15 for CD8+ Tregs; and
200 U/mL IL-2, 10 ng/mL IL-15, and 10 ng/mL IL-7 for Teffs.

NOTE: Progressive splits are preferred; cell density is critical for their
survival.

Selection and expansion of transduced cells

NOTE: Isolation of living transduced cells is possible if a surface cell
membrane reporter marker, like DNGFR, or a fluorescent reporter
marker has been included in the entry plasmid construct (Figure 1C).

NOTE: For research use only, a fluorescent reporter marker such as
GFP, cyan fluorescent protein (CFP), or yellow fluorescent protein
(YFP) is preferred to avoid the flow cytometry staining step of the re-
porter marker. For clinical application, we recommend using the
DNGFR reporter marker (as discussed below).
1. On day +7, harvest cells and wash thoroughly with 50 mL staining
buffer by a 10 min 430 g centrifugation. Discard the supernatant.

NOTE: If the plasmid construct includes a fluorescent reporter
marker such as GFP, go to step 3 below. If no fluorescent but a mem-
brane reporter marker is intended, perform a flow cytometry staining
by following step 2 below.

NOTE: The reporter marker DNGFR is used as an example for the
genetically modified cell FACS sorting (Figure 1D).
2. Stain the cells with 2 mg/mL anti-DNGFR (or equivalent) mAb for
15 min at 4�C, then wash the cells with 50 mL staining buffer and a
10 min 430 g centrifugation. Discard the supernatant.
2021
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3. Adjust cell concentration to 6 � 107 cells/mL in a minimum vol-
ume of 200 mL staining buffer. Filter the cells on a 60 mm filter and
label dead cells by adding 0.1 mg/mL DAPI.

4. Sort cells with a 70 mm nozzle cell sorter by gating on
DAPI�DNGFR+ or equivalent reporter marker+ cells (Figures
1C and 1D).

5. Wash the collected cells twice with 50 mL staining buffer.
6. Count cells and adjust cell concentration to 2.5 � 105 cells/mL in

T cell culture medium supplemented with 10% of human AB
serum, and 1� cytokines: 1,000 U/mL IL-2 for CD4+ Tregs;
1,000 U/mL IL-2 and 10 ng/mL IL-15 for CD8+ Tregs; and
100 U/mL IL-2, 5 ng/mL IL-15, and 5 ng/mL IL-7 for Teffs.

7. Stimulate the sorted cells by coating a 96-well flat bottom plate
with 50 mL/well of 1 mg/mL anti-CD3 (OKT3 clone) mAb diluted
in PBS 1�. Incubate for R1 h at 37�C.

8. Remove free mAbs by washing gently with 100 mL/well PBS 1�,
centrifuging for 1 min at 430 g 4�C and discarding supernatant.
Repeat twice.

CAUTION: Do not let the coated plastic dry; discard the PBS 1� of
the final wash when cells are ready to be seeded.

9. Add 1 mg/mL anti-CD28 (CD28.2 clone) mAb to the T cell solu-
tion and seed 5 � 104 cells (200 mL) per well in the anti-CD3
mAb-coated plastic plate. Promote T cell activation by a 1 min
430 g spin. Incubate the cells at 37�C 5% CO2.

10. We assume total consumption of cytokines in 48 h, thus supple-
ment T cell culture with fresh cytokines every 2 days by adding
20 mL/well T cell culture medium supplemented with 10� cyto-
kines: 10,000 U/mL IL-2 for CD4+ Tregs; 10,000 U/mL IL-2 and
100 ng/mL IL-15 for CD8+ Tregs; and 1,000 U/mL IL-2, 50 ng/
mL IL-15, and 50 ng/mL IL-7 for Teffs.

11. When the culture medium turns orange-yellow due to high cell
proliferation, likely on days +11 and +13, gently mix the cell sus-
pension, transfer 100 mL of T cell suspension in a new well, and
add 100 mL/well of culture medium supplemented with 2� cyto-
kines: 2,000 U/mL IL-2 for CD4+ Tregs; 2,000 U/mL IL-2 and
20 ng/mL IL-15 for CD8+ Tregs; and 200 U/mL IL-2, 10 ng/mL
IL-15, and 10 ng/mL IL-7 for Teffs.

NOTE: Progressive splits are preferred; cell density is critical for T cell
survival.

NOTE: FOXP3 is still expressed in CD4+ Tregs after 14 days of cul-
ture (Figure 1E).

NOTE: Cells can be expanded for up to 1 month when stimulated
with anti-CD3 and anti-CD28 mAbs every 7 days.15

Genetic modifications in primary mouse T cells using lentiviral

vectors

Sorting of mouse Tregs from spleen

1. Harvest the spleen from an 8- to 16-week-old mouse and save it in
cold PBS 1�.
Molecul
2. Transfer the spleen into a 100 mm cell strainer placed onto a 50 mL
falcon. Perfuse the spleen with 5 mL PBS 1�. Crush the spleen
with a syringe’s piston to dissociate the cells. Rinse the strainer
with 10 mL PBS 1� and wash by completing to 50 mL with PBS
1� and centrifuging 10 min at 430 g 4�C. Discard the supernatant.

3. To eliminate red blood cells and platelets, resuspend the spleno-
cyte pellet in 5 mL of hypotonic solution, incubate for 5 min at
RT, then wash with 50 mL PBS 1� and a 10 min 430 g 4�C centri-
fugation. Discard the supernatant.

4. Count the cells to adjust cell concentration to 6 � 107 cells/mL in
staining buffer.

NOTE: The number of splenocytes should be between 7 � 107 and
1 � 108 cells per animal.

NOTE: Spleens from several mice can be pooled to obtainmore Tregs.
If required, follow steps 4–9 using anti-CD19 (1D3 clone), anti-
CD49b (DX5 clone), and anti-CD11b (M1/70 clone) purified mAbs
to enrich T cells before sorting (Table 1).
5. Stain the cells for FACS sorting depending on the subset required
(Table 1 and Figure 2A).

a. To sort total CD4+ and CD8+ T cells, add anti-NK1.1 (PK136
clone), anti-CD11c (N418 clone), anti-CD4 (RM4-5 clone), and
anti-CD8 (53-6.7 clone) mAbs.

b. To sort CD4+ Tregs, add anti-NK1.1 (PK136 clone), anti-CD11c
(N418 clone), anti-CD4 (RM4-5 clone), and anti-CD25 (PC61
clone) mAbs.

c. To sort CD8+ Tregs, add anti-NK1.1 (PK136 clone), anti-CD11c
(N418 clone), anti-CD8 (53-6.7 clone), and anti-CD45RC
(DNL-1.9 clone) mAbs.

d. To sort both CD4+ and CD8+ Tregs, add anti-NK1.1 (PK136
clone), anti-CD11c (N418 clone), anti-CD4 (RM4-5 clone), anti-
CD25 (PC61 clone), anti-CD8 (53-6.7 clone), and anti-CD45RC
(DNL-1.9 clone) mAbs (Figure 2A).

Incubate the cells with mAbs for 30 min at 4�C.

NOTE: Label beads (Compbeads) with each Ab to set up a compen-
sation matrix for further processing in flow cytometry.

6. Wash the cells with 50 mL staining buffer with a 10 min 430 g 4�C
centrifugation and discard the supernatant.

7. Resuspend cells at 6 � 107 cells/mL, filter on a 60 mm tissue, and
label dead cells by adding DAPI at a final concentration of 0.1 mg/
mL.

8. Sort cells with a 70 mm nozzle cell sorter by gating on lymphocyte
morphology (low FSC-A and SSC-A, (Figure 2A) and on one of
the following:

a. DAPI�NK1.1�CD11c�CD8+ cells to sort total CD8+ T cells
b. DAPI�NK1.1�CD11c�CD4+ cells to sort total CD4+ T cells
c. DAPI�NK1.1�CD11c�CD8�CD4+CD25high to sort CD4+ Tregs
d. DAPI�NK1.1�CD11c�CD4�CD8+CD45RC� to sort CD8+

Tregs.
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NOTE: CD4+ and CD8+ Tregs and non-Tregs can be simultaneously
sorted using a FACS Aria II with four-way sorting tubes (BD Biosci-
ences) (Figure 2A).

NOTE: More than 90% sorted CD4+ Tregs express FOXP3 after sort-
ing (Figure 2B).

9. Wash the collected cells twice with 50 mL staining buffer and
10 min 430 g 4�C centrifugations.

10. Count the cells. Adjust cell concentration to 1 � 106 cells/mL in
mouse T cell culture medium.

Lentiviral transduction of mouse T cells

1. Seed 105 cells (100 mL) per well in a 96-well flat-bottom plate.
2. Activate cells by adding anti-CD3 and anti-CD28 mAb-coated

beads at a bead:cell ratio of 2:1. Incubate the cells ON at 37�C
5% CO2.

CAUTION: From this step, experiments must be performed in a BSL-
2 lab.

3. On day +1, gently remove half of the culture medium (50 mL). For
each well, add 18 mg/mL PTDA and 106 TU (MOI 10) MLV-pseu-
dotyped lentiviral vector in 250 mL final volume of culture me-
dium, incubate for 10 min at 37�C, and then gently add the
PTDA/lentiviral vector complex onto the 50 mL remaining cells.
Centrifuge for 90 min at 1,000 g 32�C and incubate for 4 h at
37�C 5% CO2.

NOTE: Final concentration of PTDA in 300 mL cell suspension is
15 mg/mL.

4. Centrifuge for 1 min at 430 g, discard the supernatant, and add
100 mL/well mouse T cell culture medium. Incubate for 6 days at
37�C 5% CO2.

NOTE: We assume total consumption of cytokines in 48 h, thus fresh
cytokines should be added every 2 days.

NOTE: High cell proliferation can require addition of culture me-
dium and splitting of cells. If required, mix gently before splitting
into two wells.
Timing

� Day 0
76
o Sort T cells: 4 h

� Day +1

o Transduce human T cells with lentiviral vector: 30 min

o Transduce mouse T cells with lentiviral vector: 6.5 h

� Day +2

o Transduced human T cells with lentiviral vector a 2nd time:
30 min
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� Day +3

o Enrich the culture medium: 30 min

� Day +7

o Isolate human transduced T cells: 2 h

o Assess human T cell function or expand them up to 3 more
weeks

o Harvest mouse T cells and assess their function
Troubleshooting

Low transduction rate

Timing and level of transgene expression. GFP should be visible by
microscopy within 2 days after the first transduction (Figures 3A and
3B). We observed a similar transduction rate in human CD8+ Tregs
(23.4% ± 1.9%) compared to CD4+ Tregs (25.9% ± 3.7%) and total
T cells (36.2% ± 7.3% and 28.2% ± 3.6% in CD8+ and CD4+ Teffs,
respectively), whereas it was lower for mouse CD8+ Tregs (49.5% ±

3.5%) compared to CD4+ Tregs (91.6% ± 1.4%) (Figures 5E and 6G).

Dose. A range of lentiviral vector MOI should be tested to deter-
mine the optimal conditions of transduction for each cell type to pre-
serve cell function and growth (Figures 3A, 3C, and 3D). No more
than 2 � 107 TU/mL final lentiviral vector concentration for trans-
duction is recommended to avoid toxicity.

Volume of reaction. TheMOI is calculated as a ratio of lentiviral vector
TU/cell but does not take into account the volume of reaction. Perform-
ing transduction in a small volume might improve virus-cell contact.
However, reducing the volumeof culturemediummayaffect cell growth.

Lentiviral vector design and storage. Lentiviral vector should be
stored as single use aliquots and not refrozen. The choice of promo-
tor, enhancer, and envelope protein may impact transduction effi-
ciency and expression of the transgene.24 The transduction rate de-
pends on the expression cassette size since the longer >6 kbp
reduces to 50% of the lentiviral vector titers.24 Formurine T cell trans-
duction, an ecotropic viral envelope is required (Figure 6A).

Chemical and mechanical helpers. For murine T cell transduction,
addition of protransduzin is required (Figures 6E and 6F). For human
CD8+ Tregs, we observed that addition of 8 mg/mL polybrene was toxic,
while addition of 10mg/mLprotamine sulfate or 20mg/mLplastic-coated
retronectin25 did not affect transduction rate or cell growth. In contrast to
murine T cells (Figure 6D), centrifugation of humanT cells after addition
of the virusdoesnot increase the transduction rate, but itmay increase the
number of transgene copies per cell and affect cell growth (Figure 5A).

Improving the purity of genetically modified cells. If the transduction
rate is low, sorting of transduced cells can be required, depending on
subsequent experiments. After purification by FACS Aria sorting,
expression of the lentiviral vector-encoded protein remains stable
up to 4 weeks in human Tregs.16
1



Figure 2. Mouse Treg and Teff isolation and characterization after transduction with a MOG-CAR recombinant lentiviral vector

(A) Mouse CD4+ and CD8+ Tregs and Teffs were sorted from splenocytes by FACS Aria by gating on small morphology (SSC-A/FSC-A), FSC singlets, DAPI� living

NK1.1�CD11c� cells. CD4+ T cells were sorted on CD4+CD8� expression, CD4+ Tregs were sorted on CD4+CD8�CD25+ expression, CD8+ T cells were sorted on

CD8+CD4� expression, andCD8+ Tregswere sorted onCD8+CD4�CD45RC� expression. Cell purity after sorting is shown. Numbers are the frequency of the cell subset in%

of previous gate. (B) Flow cytometry staining of FOXP3 in murine CD4+ CD25+ CD127low/� T cells after FACS Aria sorting. Isotype staining is shown on the left. Representative

staining of twoexperiments. (C) Schematic of theMOG-CAR vector. Sequences for the transmembraneCD28 and intracellularCD28 andCD3z signaling portionswere placed

C-terminal to the anti-MOG-specific scFv under a PGK promotor. The full CAR construct was cloned into a bi-directional lentiviral vector encoding DNGFR as a transduction

marker under a CMV promotor. (D) Flow cytometry staining of FOXP3marker in murine CD4+ Tregs after 7-day culture and transduction or not (black line for untouched cells,

green line for cells that have been in contact with the virus but not transduced) and with MOG-CAR (red line) or control CAR (blue line) lentiviral vectors.
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Low cell growth

Culture medium. The choice of the culture medium is crucial for
Treg expansion. RPMI, Xvivo-15, and Immunocult media are
compatible with CD4+ and CD8+ Treg transduction and culture.
Molecul
FBS and human AB serum batches should be tested for their compat-
ibility with T cell culture prior to use. Low dose serum is critical for
human T cell transduction, but supplementation the day following
transduction is beneficial for the cell growth (Figure 5B). Reducing
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Figure 3. Determination of the optimal dose of lentiviral vector to obtain the maximum transduction rate in Tregs

(A and B) CD8+ Tregs were FACSAria sorted, stimulated ONwith anti-CD3 and anti-CD28mAbs, transduced with a range of GFP-lentiviral vector doses, and analyzed 2 days

later (on day +3 after cell stimulation) for GFP expression by flow cytometry (A) andmicroscopy (B). (A) Frequency ±SEMof transduced cells. n = 3–4. One sample t test versus

0, *p < 0.05. (B) Representative microscopy photos of CD8+ Treg culture transduced with 0.1 to 10 MOI GFP-lentiviral vectors, magnification �10. (C) CD8+ Tregs were

(legend continued on next page)
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the volume of the culture medium during the transduction may affect
cell growth. Cytokines should be freshly added during T cell culture
and stored as single-use aliquots at �80�C. Addition of rapamycin
does not significantly reduce the transduction rate or cell growth in
CD8+ Tregs (Figure 5C).

Cell stimulation. Dose and timing of the stimulation are crucial for hu-
man CD4+ and CD8+ Treg culture (Figure 4). It should be noted that
CD8+T cells require lower stimulation thanwhat is usually recommen-
ded for CD4+ T cells to survive. High stimulation can be deleterious for
CD8+ T cells, while low activation is mostly compatible with CD4+

T cell culture. Stimulation once a week and after cell sorting is impor-
tant for Treg growth. CD8+ and CD4+ Tregs can be exponentially
expanded up to 4 weeks.15 Sorting of human T cells using anti-CD3
mAb as indicated does not affect transduction rate or cell stimulation.

Cell density. Cell density inferior to 105 cells/0.32 cm2 (96-well flat
bottom plate) on day 0 seeding of human T cells may inhibit cluster
formation during ON stimulation, while higher cell density may limit
cell proliferation (Figure 5D).

Lentiviral vector dose. High doses of lentiviral vector may be delete-
rious for cell growth (Figures 3C, 3D, and 6C), and the dose should be
balanced between transduction rate and cell growth. Removing lenti-
viral particles by washing human cells is not necessary.

Loss of function in genetically modified expanded cells

Culture medium supplements. Tregs and Teffs require different cul-
ture conditions. To preserve high cytotoxic activity of human Teffs,
addition of 100 U/mL IL-2, 5 ng/mL IL-15, and 5 ng/mL IL-7 is rec-
ommended.16,26 To preserve Treg function, addition of 1,000 U/mL
IL-2 and 10 ng/mL IL-15 for CD8+ Tregs only is recommended.15

Addition of 50 nM rapamycin is recommended for preserving the
regulatory function of human and mouse Tregs during culture.15

Anticipated Results

Human and mouse Treg isolation and CAR-Treg engineering

The use of a FACS Aria sorter allows isolation of Tregs with more
complex combination of marker expression, including low expres-
sion, and results in a great purity (R95%) of both human
CD4+CD25+CD127low/�FOXP3+ Tregs and CD8+CD45RClow/�

Tregs (Figures 1A and 1B) and mouse CD4+CD25+FOXP3+ Tregs
and CD8+CD45RCneg Tregs (Figures 2A and 2B). We generated len-
tiviral vectors with VSVg- and MLV-pseudotyped envelope proteins
to transduce human and mouse cells, respectively. Those vectors en-
coded for the 2nd generation of CARs containing CD28 and CD3z
transduced with a range of GFP-lentiviral vector doses on day 1 (blue triangles), days 1+2

analyzed on day 7 after stimulation by flow cytometry for frequency (left) and growth ± S

the number of GFP+ cells harvested on day 7 by the number of cells seeded on day 0. n

T cells (black triangles, n = 3) were transduced with 2 MOI of GFP-lentiviral vector on

stimulation by flow cytometry for frequency (upper left) and growth ± SEM of transduced

of GFP+ cells harvested on day 7 by the number of cells seeded on day 0. Two-way rep

**p < 0.01, ***p < 0.001. Right: representative dot plots of GFP expression in T cell sub
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signaling molecules and single chain variable fragment (scFv) of
mAb specific to HLA-A*02, Human Epidermal Growth Factor
Receptor-2 (HER2) (Figure 1C), or MOG (Figure 2C) and the
DNGFR as reporter markers. Further isolation of transduced Tregs
on reporter marker expression (fluorescent protein or ectopic surface
marker) by FACS sorting is optional but provides a pure subset of
genetically modified Tregs for straighter conclusions on downstream
functional assessments (Figure 1D). Immunogenicity, toxicity, inter-
ference with cell function, or migration should be considered when
choosing a reporter marker. The truncated DNGFR human protein
is non-immunogenic and non-endogenously expressed on hemato-
poietic cells; thus, it can be used safely as a reporter marker compat-
ible with clinical applications.27 All manufactured HLA-A*02-CAR
and MOG-CAR Tregs and untransduced cells expressed a high level
of FOXP3 protein (Figures 1E and 2D).15,16

Determination of the optimal dose of lentiviral vector to obtain

the maximum transduction rate in Tregs

To determine the optimal dose of lentiviral vector required for trans-
ducing Tregs, we tested a range of GFP lentiviral vector doses, from 0.2
to 20MOI, onhumanCD8+Tregs and analyzed theGFP expression by
flow cytometry and microscopy (Figures 3A and 3B). Two days after
transduction, a dose-dependent GFP expression was observed in clus-
tered cells by microscopy (Figure 3B) and was confirmed by flow cy-
tometry, reaching a maximum GFP expression in CD8+ Tregs trans-
duced with 10 MOI of virus and tending to decrease to a lower rate
of transduction when using a higher dose of lentiviral vector (Fig-
ure 3A). To improve the transduction rate in Tregs, we tested incre-
ments of one to four successive transductions of CD8+ Tregs, CD4+

Tregs, or total T cells at the rate of one transduction per day (Figures
3C and 3D). By cumulating up to 2 transductions of CD8+ Tregs, we
did not observe any significant improvement of the transduction rate
or loss in cell viability based on eosin coloration, but we observed an
important drop in cell growth correlating with four cumulated lentivi-
ral vector doses (Figure 3C). In contrast, up to three successive trans-
ductions of CD4+ Tregs or total T cells significantly increased both
transduction rate and cell yield (Figure 3D). These results indicate
that two transductions of CD8+ Tregs and three transductions of
CD4+ Tregs or total T cells with a MOI of 10 of lentiviral vector are
optimal to obtain the maximum of viable transduced cells.

Optimal Treg stimulation is critical for their transduction with

VSVg-pseudotyped lentiviral vectors and expansion

T cell stimulation significantly promotes cell transduction with
VSVg-pseudotyped lentiviral vector through upregulation of the
LDL receptor.28,29 Since that anti-CD3 and anti-CD28 mAb
(red triangles), days 1+2+3 (gray squares), or on days 1+2+3+4 (black crosses) and

EM of transduced cells (right). Growth of transduced cells was calculated by dividing

= 3. (D) CD8+ Tregs (red squares, n = 3–6), CD4+ Tregs (blue circles, n = 2), and total

day 1, days 1+2, days 1+2+3, or on days 1+2+3+4 and analyzed on day 7 after

cells (bottom left). Growth of transduced cells was calculated by dividing the number

eated-measure ANOVA and Bonferroni post-test versus 1 transduction, *p < 0.05,

sets.
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Figure 4. Optimal Treg stimulation is critical for their transduction with VSVg-pseudotyped lentiviral vectors and expansion

(A) CD8+ Tregs were stimulated 1 day before, on the day of, or on days 1, 2, or 3 following transduction (day of transduction = day 0) and analyzed on day 8 by flow cytometry

for transgene expression. Frequency ± SEM of genetically modified cells is shown. n = 4. Mann Whitney test, *p < 0.05. (B) Frequency of genetically modified CD8+ Tregs

analyzed on day 7 after cell stimulation during 1 (red squares) or 4 days (black circle) before transduction with a range of lentiviral vector doses. Two-way ANOVA test and

Bonferroni test, ns. (C) T cells (black lines), CD4+ Tregs (blue lines) and CD8+ Tregs (red lines) were stimulated with a range of anti-CD3 and anti-CD28 mAbs ON, transduced

twice with a 1 (squares), 5 (circles) or 10 (triangles) MOI of lentiviral vector doses, and analyzed on day 4 for transgene expression by flow cytometry. Frequency ± SEM of

positive cells is shown. n = 1–5. Two-way ANOVA test, *p < 0.05 for 1 versus 10 mg/mL. (D) CD8+ Tregs and T cells were stimulated with a low (1 mg/mL each) or high dose

(10 mg/mL each) of anti-CD3 and anti-CD28mAbs (day 0), transduced twice with a range of lentiviral vector doses on days 1+2, sorted on transgene expression on day 7, and

cultured until day 14 as described in the procedure. Growth was calculated by dividing the number of purified genetically modified cells harvested on day 14 by the number of

cells seeded on day 0. n = 2 for each condition. (E) Frequency ± SEM of genetically modified CD8+ Tregs stimulated 1 day before 10 MOI lentiviral transduction with anti-CD3

and anti-CD28 mAbs (1 mg/mL) or GIBCO Dynabeads Human T-Activator CD3/28 (ratio beads:cells, 1:1) assessed by flow cytometry on day 8. n = 6, Wilcoxon matched

paired test, ns.
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stimulations are likely required to both expand and transduce Tregs
and that transduction of the cells at the beginning of the amplification
process would considerably reduce lentiviral vector consumption and
costs, we investigated the optimal timing for stimulating and trans-
ducing Tregs. We stimulated CD8+ Tregs either 1 day before, on
the day of, or the days after the lentiviral transduction (Figure 4A).
As expected, stimulation of the cells before transduction greatly
improved lentiviral transduction compared to stimulation on the
day of or after transduction (Figure 4A). In addition, stimulation
4 days or 1 day before transduction did not impact the transduction
rate (Figure 4B). Then, we investigated the dose of anti-CD3/anti-
80 Molecular Therapy: Methods & Clinical Development Vol. 20 March
CD28 mAb stimulation required for obtaining maximum transduc-
tion efficacy and transduced cell yield. As we previously set up a pro-
tocol to expand human CD8+ Tregs for cell therapy with 1 mg/mL
plastic-coated anti-CD3 and 1 mg/mL soluble anti-CD28 mAbs,15

we explored the impact of a higher stimulation (10 mg/mL each
mAb) on human CD8+ and CD4+ Treg transduction rate in a range
of lentiviral vector doses (Figures 4C and 4D). We observed that a
high stimulation resulted in lower transduction rates (Figure 4C)
and was detrimental for the growth of transduced cells over 2 weeks
of culture (Figure 4D). Finally, we considered using beads instead of
purified mAbs to stimulate Tregs before lentiviral transduction and
2021



Figure 5. Culture parameters refinement for human Treg transduction and expansion

(A) Frequency (left y axis) and growth (right y axis) ± SEM of genetically modified CD4+ (dotted lines) and CD8+ Tregs (solid lines) 4 days after transduction with a range of

lentiviral vector doses and with or without 90 min 1,000 g centrifugation. Cell growth was calculated by dividing the number of purified genetically modified cells harvested on

day 4 by the number of cells seeded on day 0. n = 4. (B) Frequency (left y axis) and growth (right y axis) ±SEMof genetically modified CD8+ Tregs 8 days after transductionwith

10 MOI lentiviral vector in absence or presence of 5% or 10% human AB serum from day 0 to day 3. n = 4–21, Mann Whitney, **p < 0.01, ***p < 0.001. (C) Growth ± SEM of

genetically modified CD8+ Tregs transduced as described in the protocol and harvested after 14 days culture in presence or not of 50 nM rapamycin. Cell growth was

calculated by dividing the number of purified genetically modified cells harvested on day +14 by the number of cells seeded on day 0. n = 6, MannWhitney, ns. (D) Frequency

(left y axis, red lines) and growth (right y axis, green lines) ± SEM of genetically modified CD8+ Tregs and growth (right y axis, black lines) of total CD8+ Tregs seeded at 105

(circles) or 2 � 105 (triangles) cells/well in a 96-well flat bottom plate and transduced with a range of GFP-lentiviral vector doses. Cell growth was calculated by dividing the

number of genetically modified- or total cells harvested on day 7 by the number of cells seeded on day 0. (E) Frequency ± SEM of genetically modified CD4+ and CD8+ Tregs

and Teffs transduced as described in the protocol after 7-day culture. CD8+ Tregs, n = 54; CD4+ Tregs, n = 32; CD8+ Teffs, n = 9; CD4+ Teffs, n = 3. 3 independent

technicians. (F) Frequency (left y axis, red lines) and growth (right y axis, black lines) ± SEM of genetically modified CD8+ Tregs thawed, stimulated, and transduced twice with

a range of GFP-lentiviral vector doses. Cell growth was calculated by dividing the number of genetically modified cells harvested on day 7 by the number of cells seeded on

day 0. n = 3.
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obtained similar transduction rates (Figure 4E). Altogether, these re-
sults suggest that the optimal conditions to transduce CD8+ or CD4+

Tregs with a VSVg-pseudotyped lentiviral vector are a low (1 mg/mL
purified mAbs or low dose beads) anti-CD3 and anti-CD28 stimula-
tion 1 to 4 days before transduction. Using a specific antigenic stim-
ulation (multimer, artificial antigen presenting cells [APCs] express-
ing the CAR target HLA-A*02) instead of polyclonal anti-CD3/anti-
Molecul
CD28 mAbs may privilege the expansion of the genetically modified
clones.12,28

Culture parameters must be refined for human Treg

transduction and expansion

To further increase Treg transduction rate and growth, we investi-
gated transduction and culture parameters reported for Teffs. First,
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Figure 6. Mouse Treg engineering to investigate new engineered Treg therapy candidates in vivo

(A) Mouse CD4+ (upper) and CD8+ (bottom) T cells were sorted, stimulated ON with anti-CD3 and anti-CD28 mAb-coated beads, transduced with 10 MOI VSVg-pseu-

dotyped (left) or 7 MOI MLV-pseudotyped (right) MOG-CAR lentiviral vectors, and analyzed for reporter marker (LNGFR) expression after 9-day culture. (B) Frequency ± SEM

of genetically modified CD8+ Tregs after transduction at day 1 or day 2 after anti-CD3 and anti-CD28 mAb-coated bead stimulation. n = 2. (C) Percentage (left y axis, red line)

and fold expansion (right y axis, black line) ± SEM of genetically modified CD8+ Tregs after transduction at day 1 or at days 1 and 2 after anti-CD3 and anti-CD28mAb-coated

bead stimulation. n = 2. (D) Frequency (left y axis) and growth (right y axis) ± SEM of genetically modified CD4+ (dotted lines) and CD8+ Tregs (solid lines) 7 days after lentiviral

transduction with or without 90 min 1,000 g centrifugation. n = 1–4. (E) CD8+ and CD4+ T cells were transduced in the presence of PTDA, retronectin, or polybrene and

analyzed after 6 days for the expression of ectopic protein (left) and fold expansion (right). n = 1–2. Two-way ANOVA and Bonferroni post-test, *p < 0.05, **p < 0.01. (F)

Frequency of transduced cells (left y axis) and growth (right y axis) ±SEMof CD8+ Tregs transduced in the presence or absence of 15 mg/mL PTDA. n = 1–3. Two-way ANOVA

and Bonferroni post-test, ***p < 0.001. (G) CD8+ and CD4+ Tregs were stimulated ONwith anti-CD3 and anti-CD28 mAb-coated beads, transduced with MLV-pseudotyped

lentiviral vector in the presence of PTDA and with 90 min 1,000 g centrifugation, and analyzed for ectopic protein expression (left) and fold expansion (right). n = 5–10. Mann

Whitney, ***p < 0.001. (H) Frequency ± SEM of genetically modified CD8+ Tregs transduced with fresh or thawed supernatant of lentiviral vector production. n = 2–3. Mann

Whitney, ns.
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we assessed the benefit of a high-speed centrifugation to promote the
contact of the lentiviral vectors with Tregs as described for CD4+

T cells.3,5,6,10 While 1,000 g spinoculation promoted lentiviral vector
penetration into CD4+ and CD8+ Tregs, it was detrimental for Treg
growth (Figure 5A). Composition of the culture medium may also
be crucial for Treg transduction and growth. Indeed, our results
show that supplementation of culture medium with human serum
is required for high Treg growth; however, a high dose of serum
significantly inhibited their transduction (Figure 5B). This may be
due to the aggregation of viral particles in the presence of serum pro-
teins or to the non-specific cross-reacting anti-VSVg Abs contained
within human serum.30 Thus, a low dose of serum (5%) during trans-
duction and subsequent supplementation of culture medium are rec-
ommended. By contrast, rapamycin added for maintaining Treg
function did not affect the transduction rate or the growth of trans-
duced CD8+ Tregs (Figure 5C). Finally, we assessed the issue of cell
density during seeding. Interestingly, transduction of twice as many
CD8+ Tregs with the same dose of lentiviral vector did not signifi-
cantly affect the transduction rate but decreased the growth of total
cells, possibly through cytokine consumption, impoverishment of nu-
trients, or acidification of the culture medium (Figure 5D). Culture
conditions reported for CD4+ Treg transduction and expansion
were not suitable for CD8+ Treg culture. Notably, compared to
CD4+ Tregs, CD8+ Tregs required lower anti-CD3/anti-CD28
mAbs stimulation and did not survive the addition of chemicals3,10,11

or high speed centrifugation for the transduction step.3,5,6,10 Setting
up optimal conditions for CD8+ Treg engineering and then applying
it to other T cell subsets highlighted suitable conditions for both CD4+

and CD8+ Treg and Teff engineering with a VSVg-pseudotyped len-
tiviral vector (Figure 5E). Finally, we showed that CD8+ Tregs can also
be expanded, then frozen, thawed, stimulated ON, and efficiently
transduced using this protocol to obtain a suitable yield for a cell ther-
apy use (Figure 5F).

Mouse Treg engineering to investigate new engineered Treg

therapy candidates in vivo

Mouse T cells are useful for proof of concept of new genetic engineer-
ing approaches and future T cell-based therapies. Thus, we set up a
process to modify mouse CD4+ and CD8+ Tregs using lentiviral vec-
tors. While Fransson et al.9 reached 12% of transduction in murine
CD4+ T cells by using the pantropic VSVg-pseudotyped lentiviral
vector, we barely obtained 0.5% to 1.5% transduced mouse CD4+

and CD8+ T cells using a dose of 10 MOI (Figure 6A). In contrast,
the use of MLV envelope protein for lentiviral vectors has been re-
ported as efficiently transducing murine cells and, in addition, is
showing an interesting biosafety profile since it hardly infects human
cells.31 By using the ecotropic MLV-pseudotyped lentiviral vector, we
obtained around 80% transduction in CD4+ and 10% in CD8+ T cells
at comparable MOI doses (Figure 6A). As for human T cells, we
investigated the optimal process for mouse Treg transduction (Fig-
ures 6B–6F). First, we observed that the first day following polyclonal
stimulation, Tregs were more permissive for lentiviral transduction
than the second one (40.15% versus 23.25%) (Figure 6B) and that
the transduction rate after a second transduction was cumulated to
Molecul
the first (about 63.25%). However, cumulative transductions resulted
in a drop in cell growth (Figure 6C); thus, one transduction is
preferred. While 1,000 g spinoculation with lentiviral vector was
detrimental for human T cell engineering (Figure 5A), it did not
inhibit mouse T cell growth and even increased the transduction
rate of genetically modified CD4+ and CD8+ T cells (Figure 6D).
Then we explored chemicals reported to improve contact and trans-
duction of T cells by retroviruses.32 PTDA assembles into nanofibrils,
which bind to viral particles and link with cellular membranes inde-
pendently of a receptor. By bridging viruses to the cell surface, PTDA
significantly improved the transduction rate in CD4+ and, more
particularly, in CD8+ T cells compared to polybrene, which neutral-
izes the charge repulsion between the virus and cell membrane and
to RetroNectin, a chimeric molecule binding virus to cell membrane
dependently on VLA-4/VLA-5 without affecting their expansion ca-
pacity (Figure 6E). Importantly, we observed that PTDAwas required
for CD8+ Tregs to be transduced by a lentiviral vector (Figure 6F).
Finally, the protocol we set up results in 49.45% and 89.1% genetically
modified CD8+ Tregs and CD4+ Tregs, respectively, with a great 8.62-
fold expansion of mouse engineered CD8+ Tregs (Figure 6G).
Notably, this protocol is equally suitable for fresh or thawed lentiviral
vector production supernatant (Figure 6H).

Discussion and Conclusions

This protocol describes the isolation of rare subsets of CD4+ and
CD8+ Tregs, their transduction with lentiviral vectors, and expansion
until obtaining high numbers of pure genetically engineered Tregs.
By using this method, we generated HLA-A*02-specific CAR CD4+

and CD8+ Tregs that were highly efficient at preventing HLA-
A*02-directed immune responses.10–12,16 We previously showed
that the CAR-CD8+ Tregs were functional because target recognition
by the CAR could activate T cells through CD28 signaling and per-
sisted in vivo for at least 80 days for A2-CAR CD8+ Tregs in HLA-
A*02 transgenic mice16 and 40 days for A2-CAR CD4+ Tregs re-
cruited into HLA-A*02+ skin grafts.10,11 Tools for cell isolation of
CD8+ Tregs, such as high purity grade anti-CD45RC mAb, is being
developed,33 and genetic modifications of Tregs for clinical applica-
tion are being further developed within the Reshape consortium
(http://www.reshape-h2020.eu). The second part of this protocol
aims to identify and test novel targets in mice to enhance current
cellular Treg products by describing our best process for engineering
functional murine MOG-CAR CD4+ and CD8+ Tregs, which differs
from human T cell engineering on aspects of both culture and trans-
duction. Indeed, murine cells barely survive in vitro after 9 days of
culture, whereas human Tregs can be expanded for up to 1 month
in vitro; they are more efficiently transduced with MLV-pseudotyped
lentivirus than with VSVg-pseudotyped ones; and the growth of
genetically modified murine Tregs is hampered by cumulative trans-
ductions but promoted by chemical and mechanical helpers.

Lentiviral vectors are commonly used to deliver a transgene into
T cells as efficiently or more efficiently than naked DNA and retro-
viral vectors.21 Production of lentiviral vectors for clinical application
can be expensive. Nevertheless, to reduce the cost of CAR-Treg
ar Therapy: Methods & Clinical Development Vol. 20 March 2021 83
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manufacturing using lentiviral vector,34 we propose the transduction
of Tregs right after isolation and before expansion, thus reducing the
amount of lentiviral vector required for genetically engineered Treg
production.

Finally, this method is widely extendable to restore the expression of
deficient genes;35 stabilize, improve, or convert T cell functions
through FOXP3 or IL-10-enforced expression, for example;36,37

improve survival and in vivo persistence of cells through self-suffi-
cient IL-2 production, for example; and confer a specificity, such as
TCR5,38 or guide migration (CAR8) of Tregs or Teffs. The method
of mouse Treg isolation, culture, and transduction will be useful to
identify and test new targets for proof-of-concept research studies.

ACKNOWLEDGMENTS
We thank Tuan Nguyen, Malika Gantier, and Laurent David for their
advice regarding lentiviral vectors production. We thank Megan Lev-
ings and Sangamo Therapeutics France SAS for providing the CAR
plasmids. Sangamo Therapeutics France SAS, formerly known as
TxCell S.A., provided the protocol for mouse CD4+ T cell transduc-
tion and partially funded this work. We thank P. Guerif, I. Guihard,
and A. Fleury from the CHU of Nantes for their help in providing hu-
man blood. We thank Jenny Greig for English corrections in this
article. We thank the Fondation Progreffe for financial support and
Crédit Agricole for the donation of the FACS Aria. This project has
received funding from the European Union’s Horizon 2020 research
and innovation program under grant agreement No. 825392
"RESHAPE". This work was also funded by the Labex IGO program
supported by the National Research Agencyvia the investment of
the future program ANR-11-LABX-0016-01 and the Agence de la
Biomedecine. This work was realized in the context of the Institut
Hospitalo-Universitaire (IHU)-Cesti project (ANR-10-IBHU-005).
Labex IGO and IHU-Cesti projects are part of the “Investissements
d’Avenir” French Government program managed by the ANR. The
IHU-Cesti project is also supported by Nantes Metropole and Région
Pays de la Loire. This work was also realized in the context of the sup-
port provided by the Fondation Progreffe.

AUTHOR CONTRIBUTIONS
N.V., J.L., and S.B. conducted the experiments; S.B. and C.G. designed
the experiments; S.B. and C.G. wrote the paper; N.V., J.L., and I.A.
revised the paper; C.G. and I.A. funded the experiments.

DECLARATION OF INTERESTS
S.B., I.A., and C.G. have patents. The remaining authors declare no
competing interests.

REFERENCES
1. Ferreira, L.M.R., Muller, Y.D., Bluestone, J.A., and Tang, Q. (2019). Next-generation

regulatory T cell therapy. Nat. Rev. Drug Discov. 18, 749–769.

2. Allan, S.E., Alstad, A.N., Merindol, N., Crellin, N.K., Amendola, M., Bacchetta, R.,
Naldini, L., Roncarolo, M.G., Soudeyns, H., and Levings, M.K. (2008). Generation
of potent and stable human CD4+ T regulatory cells by activation-independent
expression of FOXP3. Mol. Ther. 16, 194–202.
84 Molecular Therapy: Methods & Clinical Development Vol. 20 March
3. Beavis, P.A., Gregory, B., Green, P., Cribbs, A.P., Kennedy, A., Amjadi, P.,
Palfreeman, A.C., Feldmann, M., and Brennan, F.M. (2011). Resistance to regulatory
T cell-mediated suppression in rheumatoid arthritis can be bypassed by ectopic foxp3
expression in pathogenic synovial T cells. Proc. Natl. Acad. Sci. USA 108, 16717–
16722.

4. Cao, J., Chen, C., Zeng, L., Li, L., Li, Z., and Xu, K. (2010). Engineered regulatory
T cells prevent graft-versus-host disease while sparing the graft-versus-leukemia ef-
fect after bone marrow transplantation. Leuk. Res. 34, 1374–1382.

5. Hull, C.M., Nickolay, L.E., Estorninho, M., Richardson, M.W., Riley, J.L., Peakman,
M., Maher, J., and Tree, T.I.M. (2017). Generation of human islet-specific regulatory
T cells by TCR gene transfer. J. Autoimmun. 79, 63–73.

6. Simon, B., Harrer, D.C., Thirion, C., Schuler-Thurner, B., Schuler, G., and Uslu, U.
(2019). Enhancing lentiviral transduction to generate melanoma-specific human
T cells for cancer immunotherapy. J. Immunol. Methods 472, 55–64.

7. Labanieh, L., Majzner, R.G., and Mackall, C.L. (2018). Programming CAR-T cells to
kill cancer. Nat. Biomed. Eng. 2, 377–391.

8. Zhang, Q., Lu, W., Liang, C.-L., Chen, Y., Liu, H., Qiu, F., and Dai, Z. (2018).
Chimeric Antigen Receptor (CAR) Treg: A Promising Approach to Inducing
Immunological Tolerance. Front. Immunol. 9, 2359.

9. Fransson, M., Piras, E., Burman, J., Nilsson, B., Essand, M., Lu, B., Harris, R.A.,
Magnusson, P.U., Brittebo, E., and Loskog, A.S.I. (2012). CAR/FoxP3-engineered T
regulatory cells target the CNS and suppress EAE upon intranasal delivery.
J. Neuroinflammation 9, 112.

10. Noyan, F., Zimmermann, K., Hardtke-Wolenski, M., Knoefel, A., Schulde, E., Geffers,
R., Hust, M., Huehn, J., Galla, M., Morgan, M., et al. (2017). Prevention of Allograft
Rejection by Use of Regulatory T Cells With an MHC-Specific Chimeric Antigen
Receptor. Am. J. Transplant. 17, 917–930.

11. Boardman, D.A., Philippeos, C., Fruhwirth, G.O., Ibrahim, M.A., Hannen, R.F.,
Cooper, D., Marelli-Berg, F.M., Watt, F.M., Lechler, R.I., Maher, J., et al. (2017).
Expression of a Chimeric Antigen Receptor Specific for Donor HLA Class I
Enhances the Potency of Human Regulatory T Cells in Preventing Human Skin
Transplant Rejection. Am. J. Transplant. 17, 931–943.

12. MacDonald, K.G., Hoeppli, R.E., Huang, Q., Gillies, J., Luciani, D.S., Orban, P.C.,
Broady, R., and Levings, M.K. (2016). Alloantigen-specific regulatory T cells gener-
ated with a chimeric antigen receptor. J. Clin. Invest. 126, 1413–1424.

13. Guillonneau, C., Picarda, E., and Anegon, I. (2010). CD8+ regulatory T cells in solid
organ transplantation. Curr. Opin. Organ Transplant. 15, 751–756.

14. Bézie, S., Anegon, I., and Guillonneau, C. (2018). Advances on CD8+ Treg Cells and
Their Potential in Transplantation. Transplantation 102, 1467–1478.

15. Bézie, S., Meistermann, D., Boucault, L., Kilens, S., Zoppi, J., Autrusseau, E., Donnart,
A., Nerrière-Daguin, V., Bellier-Waast, F., Charpentier, E., et al. (2018). Ex Vivo
Expanded Human Non-Cytotoxic CD8+CD45RClow/- Tregs Efficiently Delay Skin
Graft Rejection and GVHD in Humanized Mice. Front. Immunol. 8, 2014.

16. Bézie, S., Charreau, B., Vimond, N., Lasselin, J., Gérard, N., Nerrière-Daguin, V.,
Bellier-Waast, F., Duteille, F., Anegon, I., and Guillonneau, C. (2019). Human
CD8+ Tregs expressing a MHC-specific CAR display enhanced suppression of hu-
man skin rejection and GVHD in NSG mice. Blood Adv. 3, 3522–3538.

17. Long, X., Cheng, Q., Liang, H., Zhao, J., Wang, J., Wang, W., Tomlinson, S., Chen, L.,
Atkinson, C., Zhang, B., et al. (2017). Memory CD4+ T cells are suppressed by CD8+

regulatory T cells in vitro and in vivo. Am. J. Transl. Res. 9, 63–78.

18. Flippe, L., Bézie, S., Anegon, I., and Guillonneau, C. (2019). Future prospects for
CD8+ regulatory T cells in immune tolerance. Immunol. Rev. 292, 209–224.

19. Ellebrecht, C.T., Bhoj, V.G., Nace, A., Choi, E.J., Mao, X., Cho, M.J., Di Zenzo, G.,
Lanzavecchia, A., Seykora, J.T., Cotsarelis, G., et al. (2016). Reengineering chimeric
antigen receptor T cells for targeted therapy of autoimmune disease. Science 353,
179–184.

20. Adigbli, G., Ménoret, S., Cross, A.R., Hester, J., Issa, F., and Anegon, I. (2020).
Humanization of Immunodeficient Animals for the Modeling of Transplantation,
Graft Versus Host Disease and Regenerative Medicine. Transplantation 104, 2290–
2306.

21. Vormittag, P., Gunn, R., Ghorashian, S., and Veraitch, F.S. (2018). A guide to
manufacturing CAR T cell therapies. Curr. Opin. Biotechnol. 53, 164–181.
2021

http://refhub.elsevier.com/S2329-0501(20)30235-7/sref1
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref1
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref2
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref2
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref2
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref2
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref3
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref3
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref3
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref3
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref3
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref4
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref4
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref4
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref5
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref5
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref5
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref6
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref6
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref6
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref7
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref7
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref8
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref8
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref8
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref9
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref9
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref9
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref9
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref10
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref10
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref10
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref10
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref11
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref11
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref11
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref11
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref11
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref12
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref12
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref12
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref13
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref13
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref14
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref14
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref15
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref15
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref15
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref15
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref15
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref15
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref16
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref16
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref16
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref16
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref17
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref17
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref17
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref17
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref18
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref18
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref18
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref19
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref19
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref19
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref19
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref20
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref20
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref20
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref20
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref21
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref21


www.moleculartherapy.org
22. Guillonneau, C., Hill, M., Hubert, F.-X., Chiffoleau, E., Hervé, C., Li, X.-L., Heslan,
M., Usal, C., Tesson, L., Ménoret, S., et al. (2007). CD40Ig treatment results in allo-
graft acceptance mediated by CD8CD45RC T cells, IFN-gamma, and indoleamine
2,3-dioxygenase. J. Clin. Invest. 117, 1096–1106.

23. Xystrakis, E., Cavailles, P., Dejean, A.S., Cautain, B., Colacios, C., Lagrange, D., van de
Gaar, M.-J., Bernard, I., Gonzalez-Dunia, D., Damoiseaux, J., et al. (2004). Functional
and genetic analysis of two CD8 T cell subsets defined by the level of CD45RC expres-
sion in the rat. J. Immunol. 173, 3140–3147.

24. Canté-Barrett, K., Mendes, R.D., Smits, W.K., van Helsdingen-van Wijk, Y.M.,
Pieters, R., and Meijerink, J.P.P. (2016). Lentiviral gene transfer into human and mu-
rine hematopoietic stem cells: size matters. BMC Res. Notes 9, 312.

25. Fernández, L., Metais, J.-Y., Escudero, A., Vela, M., Valentín, J., Vallcorba, I., Leivas,
A., Torres, J., Valeri, A., Patiño-García, A., et al. (2017). Memory T Cells Expressing
an NKG2D-CAR Efficiently Target Osteosarcoma Cells. Clin. Cancer Res. 23, 5824–
5835.

26. Yang, S., Ji, Y., Gattinoni, L., Zhang, L., Yu, Z., Restifo, N.P., Rosenberg, S.A., and
Morgan, R.A. (2013). Modulating the differentiation status of ex vivo-cultured
anti-tumor T cells using cytokine cocktails. Cancer Immunol. Immunother. 62,
727–736.

27. Barese, C.N., and Dunbar, C.E. (2011). Contributions of gene marking to cell and
gene therapies. Hum. Gene Ther. 22, 659–668.

28. Otano, I., Escors, D., Schurich, A., Singh, H., Robertson, F., Davidson, B.R., Fusai, G.,
Vargas, F.A., Tan, Z.M.D., Aw, J.Y.J., et al. (2018). Molecular Recalibration of PD-1+
Antigen-Specific T Cells from Blood and Liver. Mol. Ther. 26, 2553–2566.

29. Amirache, F., Lévy, C., Costa, C., Mangeot, P.-E., Torbett, B.E.,Wang, C.X., Nègre, D.,
Cosset, F.-L., and Verhoeyen, E. (2014). Mystery solved: VSV-G-LVs do not allow
efficient gene transfer into unstimulated T cells, B cells, and HSCs because they
lack the LDL receptor. Blood 123, 1422–1424.

30. DePolo, N.J., Reed, J.D., Sheridan, P.L., Townsend, K., Sauter, S.L., Jolly, D.J., and
Dubensky, T.W., Jr. (2000). VSV-G pseudotyped lentiviral vector particles produced
in human cells are inactivated by human serum. Mol. Ther. 2, 218–222.
Molecul
31. Schambach, A., Galla, M., Modlich, U., Will, E., Chandra, S., Reeves, L., Colbert, M.,
Williams, D.A., von Kalle, C., and Baum, C. (2006). Lentiviral vectors pseudotyped
with murine ecotropic envelope: increased biosafety and convenience in preclinical
research. Exp. Hematol. 34, 588–592.

32. Yolamanova, M., Meier, C., Shaytan, A.K., Vas, V., Bertoncini, C.W., Arnold, F.,
Zirafi, O., Usmani, S.M., Müller, J.A., Sauter, D., et al. (2013). Peptide nanofibrils
boost retroviral gene transfer and provide a rapid means for concentrating viruses.
Nat. Nanotechnol. 8, 130–136.

33. Boucault, L., Lopez Robles, M.-D., Thiolat, A., Bézie, S., Schmueck-Henneresse, M.,
Braudeau, C., Vimond, N., Freuchet, A., Autrusseau, E., Charlotte, F., et al. (2020).
Transient antibody targeting of CD45RC inhibits the development of graft-versus-
host disease. Blood Adv. 4, 2501–2515.

34. Fritsche, E., Volk, H.-D., Reinke, P., and Abou-El-Enein, M. (2020). Toward an
Optimized Process for Clinical Manufacturing of CAR-Treg Cell Therapy. Trends
Biotechnol. 38, 1099–1112.

35. Ghosh, S., Carmo, M., Calero-Garcia, M., Ricciardelli, I., Bustamante Ogando, J.C.,
Blundell, M.P., Schambach, A., Ashton-Rickardt, P.G., Booth, C., Ehl, S., et al.
(2018). T-cell gene therapy for perforin deficiency corrects cytotoxicity defects and
prevents hemophagocytic lymphohistiocytosis manifestations. J. Allergy Clin.
Immunol. 142, 904–913.e3.

36. Chae, W.-J., and Bothwell, A.L.M. (2018). Therapeutic Potential of Gene-Modified
Regulatory T Cells: From Bench to Bedside. Front. Immunol. 9, 303.

37. Andolfi, G., Fousteri, G., Rossetti, M., Magnani, C.F., Jofra, T., Locafaro, G.,
Bondanza, A., Gregori, S., and Roncarolo, M.-G. (2012). Enforced IL-10 expression
confers type 1 regulatory T cell (Tr1) phenotype and function to human CD4(+)
T cells. Mol. Ther. 20, 1778–1790.

38. Picarda, É., Ossart, J., Bézie, S., and Guillonneau, C. (2015). [Key role of allopeptide-
specific CD8(+) Tregs in transplantation]. Med. Sci. (Paris) 31, 22–24.
ar Therapy: Methods & Clinical Development Vol. 20 March 2021 85

http://refhub.elsevier.com/S2329-0501(20)30235-7/sref22
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref22
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref22
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref22
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref23
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref23
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref23
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref23
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref24
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref24
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref24
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref25
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref25
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref25
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref25
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref26
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref26
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref26
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref26
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref27
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref27
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref28
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref28
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref28
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref29
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref29
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref29
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref29
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref30
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref30
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref30
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref31
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref31
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref31
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref31
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref32
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref32
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref32
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref32
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref33
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref33
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref33
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref33
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref34
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref34
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref34
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref35
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref35
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref35
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref35
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref35
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref36
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref36
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref37
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref37
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref37
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref37
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref38
http://refhub.elsevier.com/S2329-0501(20)30235-7/sref38
http://www.moleculartherapy.org

	Genetic engineering of human and mouse CD4+ and CD8+ Tregs using lentiviral vectors encoding chimeric antigen receptors
	Introduction
	Materials
	Reagents
	Equipment
	Reagent setup
	Staining buffer
	Human T cell culture medium
	Mouse T cell culture medium
	Hypotonic solution for red blood cell lysis


	Procedure
	Genetic modification in primary human T cells using lentiviral vectors
	Sorting of human Tregs from blood
	Lentiviral transduction of human T cells
	Selection and expansion of transduced cells

	Genetic modifications in primary mouse T cells using lentiviral vectors
	Sorting of mouse Tregs from spleen
	Lentiviral transduction of mouse T cells

	Timing
	Troubleshooting
	Low transduction rate
	Timing and level of transgene expression
	Dose
	Volume of reaction
	Lentiviral vector design and storage
	Chemical and mechanical helpers
	Improving the purity of genetically modified cells

	Low cell growth
	Culture medium
	Cell stimulation
	Cell density
	Lentiviral vector dose

	Loss of function in genetically modified expanded cells
	Culture medium supplements


	Anticipated Results
	Human and mouse Treg isolation and CAR-Treg engineering
	Determination of the optimal dose of lentiviral vector to obtain the maximum transduction rate in Tregs
	Optimal Treg stimulation is critical for their transduction with VSVg-pseudotyped lentiviral vectors and expansion
	Culture parameters must be refined for human Treg transduction and expansion
	Mouse Treg engineering to investigate new engineered Treg therapy candidates in vivo

	Discussion and Conclusions

	Acknowledgments
	Author contributions
	Declaration of interests
	References


